RNA interference (RNAi)-mediated viral inhibition has been used in several organisms for improving viral resistance. In the present study, we reported the use of transgenic RNAi in preventing Bombyx mori nucleopolyhedrovirus (BmNPV) multiplication in the transgenic silkworm B. mori. We targeted the BmNPV immediate-early-1 (ie-1) and late expression factor-1 (lef-1) genes in the transiently transfected BmN cells, in the stable transformed BmN cell line and in the transgenic silkworms. We generated four piggyBac-based vectors containing short double-stranded ie-1 RNA (sdsie-1), short double-stranded lef-1 RNA (sdslef-1), long double-stranded ie-1 RNA (ldsie-1) and both sdsie-1 and sdslef-1 (sds-ie1-lef1) expression cassettes. Strong viral repression was observed in the transiently transfected cells and in the stable transformed BmN cells transfected with sds-ie-1, sdslef-1, ldsie-1 or sds-ie-lef. The decrease of ie-1 mRNA level in the sds-ie1-lef1 transiently transfected cells was most obvious among the cells transfected with different vectors. The inhibitory effect of viral multiplication was decreased in a viral dose-dependent manner; the infection ratio of transfected cells for sds-ie-1, sdslef-1, ldsie-1 and sds-ie-lef decreased by 18.83%, 13.73%, 6.93% and 30.63%, respectively, compared with control cells 5 days after infection. We generated transgenic silkworms using transgenic vector piggyantiIE-lef1-neo with sds-ie1-lef1 expression cassette; the fourth instar larvae of transgenic silkworms of generation G5 exhibited stronger resistance to BmNPV, the mortalities for the transgenic silkworms and control silkworms were 60% and 100%, respectively, at 11 days after inoculation with BmNPV (10 6 occlusion bodies per ml). These results suggest that double-stranded RNA expression of essential genes of BmNPV is a feasible method for breeding silkworms with a high antiviral capacity.
INTRODUCTION
Bombyx mori sericulture is often threatened by infectious diseases, which cause a great economic loss to the B. mori cocoon harvest worldwide, including China, India and Brazil. One of the most serious lethal diseases is caused by infection with B. mori nucleopolyhedrovirus (BmNPV) and many strategies have been applied in attempts to inhibit it.
BmNPV is a member of the family Baculoviridae, whose major targets are arthropods, especially insects. 1 Many genes essential for viral DNA replication were identified for Autographa californica (the alfalfa looper moth) multiple nucleopolyhedrovirus, including immediate-early-1 (ie-1), late expression factor-1 (lef-1), lef-2, lef-3, dnapol and p143 (dnahel). 2, 3 In addition, these genes are necessary for BmNPV DNA replication. 4 Among the viral genes needed for baculovirus propagation, two members have been studied extensively: ie-1 encoding IE-1 (an essential regulatory protein for viral gene expression and DNA replication) and lef-1 encoding the DNA primase LEF-1. 5, 6 IE-1 is a potent transcriptional transactivator of the baculovirus Orgyia pseudotsugata (the Douglas fir tussock moth) multiple nucleopolyhedrovirus, 5 which has been shown to activate early genes, including ie-2, 39K and p35, [7] [8] [9] and is involved in the expression of late genes during baculovirus infection. 10, 11 In addition, IE-1 can bind to putative replication origins. [12] [13] [14] More recently, IE-1 was verified as the best target for transgenic RNA interference (RNAi) in inhibiting BmNPV proliferation. 15 LEF-1 has been shown to interact with LEF-2 in baculovirus DNA replication, although details of the functions of LEF-1 are not known. 16 Thus, ie-1 and lef-1 are appropriate candidates for RNAi-mediated gene silencing.
RNAi is a biological process in which RNA molecules inhibit gene expression, typically by causing the destruction of specific mRNA molecules. 17 RNAi was first discovered in Caenorhabditis elegans and subsequently reported in other organisms, including prokaryotes, 18 plants, 19 insects 20 and mammals. 21 The RNAi phenomenon has been observed in silkworm cell lines and in whole silkworms. [22] [23] [24] [25] The application of RNAi technology to confer enhanced resistance to BmNPV by using artificially synthesized double-stranded RNA (dsRNA) or dsRNA expressed from a plasmid construct under the control of an appropriate promoter has been reported for BmN cell lines and silkworms. The effects of dsRNA designed for essential viral genes showed strong repression of virus production at the early stages of infection. 26, 27 In addition, expression of an endogenous or exogenous antiviral gene in inhibiting BmNPV proliferation was reported using transgenic technology and the results appeared promising for improving the resistance of silkworms to BmNPV. 15, 28 Recently, four long dsRNA fragments of essential genes of BmNPV were transferred into the piggyBac-based vector using transgenic technology. The transgenic silkworms carrying four inverted repeat-containing sequences showed stable protection against baculovirus infection. 29 All these studies showed moderate resistance to BmNPV when the silkworms were infected at a low 1 viral load, and the transgenic vectors used in transgenic RNAi expressed long dsRNA fragments designed for the BmNPV ie-1 or lef-1 gene. In the present study, we generated four piggyBac-mediated vectors containing long double-stranded ie-1 RNA (ldsie-1), short double-stranded ie-1 RNA (sdsie-1), short double-stranded lef-1 RNA (sdslef-1) and both sdsie-1 and sdslef-1 (sds-ie1-lef1) expression cassettes and tested RNAi-mediated inhibition of BmNPV proliferation in cultured cells and in transgenic silkworms by targeting ie-1 and lef-1 genes.
RESULTS

Screening of transformed BmN cells
About 10% of the cells emitted green fluorescence 48 h after transfection with both the piggyBac-based RNAi vectors and helper plasmids. The transfected cells were screened continuously with G418 over 3 months after transfection. Increasing proliferation indicated that the fluorescent cells were resistant to G418 because they expressed the neomycin resistance gene introduced on the piggyBac-derived vector. More than 80% of cells showed green fluorescence after screening for 1 month, and differences in fluorescence intensity were observed in individual somatic cells (Figure 1e ). Selection with G418 for another month did not greatly increase the proportion of green fluorescent cells. Genomic DNA was extracted from stable transformed BmN cells with or without green fluorescent protein (GFP) expression to verify stable integration of the piggyBac-based RNAi vectors into the genome.
The anticipated polymerase chain reaction (PCR) products corresponding in size to the gfp and neo were observed in the stable transformed cells, whereas no PCR product was recovered from the control cells (data not shown). These results strongly suggest that transformation of the B. mori cells was successful.
Microscopy Stable transformed cells screened by G418 over 3 months and control BmN cells (Figure 1e ) were observed 5 days after infection with BmNPV at a multiplicity of infection (MOI) of 0.03. The infection ratio of cells expressing sds-ie1-lef1 was 55.10%, a 30.63% reduction compared with the control at the fifth day after infection. In addition, the infection ratio of cells expressing sds-ie1, lds-ie1 and sds-lef1 was 18.83%, 6.93% and 13.73%, respectively (data not shown), suggesting that viral multiplication was inhibited in the transformed cells by silencing the essential genes of BmNPV with RNAi. ) with piggyantiIE-lef1-neo were infected with BmNPV at an MOI of 3. At 48 h.p.i., the viral multiplication was estimated on the basis of the relative level of ie-1 gene transcript. As illustrated by Figure 3a , the relative level of ie-1 gene transcript in the transiently transfected cells was decreased significantly, about 50-fold lower compared with control BmN cells. However, the relative level of the ie-1 gene for stable transformed cells was decreased only 7.5-fold compared with the control.
Effect of the viral titer on the inhibitory effect of BmNPV multiplication To test the inhibitory effect of RNAi on BmNPV multiplication, the BmN cells transfected with piggyantiIE-lef1-neo were selected for further assays. At 48 h after transfection, the transiently transfected cells were infected with different titers of virus. qPCR showed the relative level of the ie-1 gene transcript in the transiently transfected cells increased in a virus titer-dependent manner (Figure 3b ), suggesting that RNAi efficiency was limited by virus titer.
Time course of BmNPV multiplication in transfected BmN cells The time course of BmNPV multiplication in the BmN cells transfected with piggyantiIE-lef1-neo was characterized by the level of the ie-1 gene transcript determined by qPCR. As expected, the relative expression level of the ie-1 transcript was reduced significantly at 24 h.p.i. and then remained at 32-81% during the following 48-96 h. However, it was increased markedly to 9.7-fold higher compared with the control BmN cell line at 120 h.p.i. (Figure 3c ).
Effect of antimicrobial selection pressure on the resistance of stable transformed cells to BmNPV The loss of exogenous genes in transformants may result in the change of the resistance of transformed cells to BmNPV. To assess the genetic stability of the transformed cells with piggyantiIElef1-neo after the removal of antimicrobial selection pressure, piggyantiIE-lef1-neo-transformed cells were cultured with G418 over 3 months, and then G418 was removed for another 3 months of growth; this cell line was designated as -G418. The stable transformed cells transfected with piggyantiIE-lef1-neo were screened continuously with G418; this cell line was designated as þ G418. At 2 days after þ G418 and -G418 infection with BmNPV, the relative level of the ie-1 gene transcript was determined by qPCR. As shown in Figure 3d , the relative abundance of the ie-1 transcript in þ G418 was similar to that in -G418, indicating that the transgenic vectors expressing both short dsRNAs of ie-1 and lef-1 were stably integrated into the silkworm genome and sds-ie1-lef1 expression cassettes were not lost in the transformed cells continuously cultured on TC-100 medium without G418.
The resistance to BmNPV depends on the amount of plasmid used in transfection As illustrated in Figure 3e , the relative transcript level of ie-1 mRNA decreased continuously with increasing amounts of transgenic vector used, suggesting that the inhibitory effect on BmNPV depends on the amount of transgenic plasmid used in qPCR analysis of transfection assays.
Screening and identification of the transgenic silkworms Ten adult virgin female moths were injected with a mixture of the transgenic vector piggyantiIE-lef1-neo and helper plasmid pigA3 and then allowed to mate and oviposit. In the G0 generation, green fluorescence was observed in some eggs under a stereomicroscope (Olympus SZX12, Tokyo, Japan), indicating that the exogenous DNA might be introduced into the eggs by sperm-mediated gene transfer (Figure 4b1 0 ). The eggs were incubated at 26 1C and the newly hatched larvae were fed with fresh mulberry leaves coated with 15 mg ml À 1 G418 for one day and then fed with fresh mulberry leaves. Developmental differences were observed among the silkworms and successive deaths were recorded ( Figure 4a , red arrow). By the third larval instar, B90% of the silkworms had died. The survivors were screened for green fluorescence at different developmental stages (Figures 4b2 and 3 0 ). Two green fluorescent male pupae were finally obtained and, after eclosion, the moths were allowed to mate with normal female moths followed by oviposition. A moth with stronger fluorescence was selected as a founder; thus, an independent transgenic line was established. To verify that the target genes are stably inherited in the descendants of transgenic silkworms, the genomic DNAs extracted from G0 to G4 generation moths were identified by PCR amplification using primer pairs DEGFP-1/DEGFP-2 and NEO-1/NEO-3; the specific products for the gfp (0.72 kb) and neo (1.1 kb) gene could be detected (Figures 4c and d) . Because the dsRNA expression box was located between the two report genes, we could confirm that the dsRNA expression box was integrated into the silkworm genome and stably inherited. To further identify the transgenic silkworms, dot blotting was carried out with a digoxigenin-labeled gfp probe to verify the generation of G3 and G4. As expected, the gfp probe hybridized specifically with the G3 and G4 genomes (Figure 4e ), which strongly indicated that gfp had been integrated into the genome of transgenic silkworms.
Resistance of transgenic silkworms carrying the dsRNA expression box of ie-1 and lef-1 to BmNPV To investigate the resistance of transgenic silkworms to BmNPV infection, newly exuviated fourth instar larvae of transgenic silkworms were infected per os with BmNPV occlusion bodies (OBs) and the larval mortality was registered daily ( Figure 5 ). The mortality of transgenic silkworms was markedly lower than that of non-transgenic silkworms after inoculation with different doses of OBs; in other words, the resistance of transgenic silkworms to BmNPV was improved by introducing the ie-1 and lef-1 dsRNA expression box into the genome. The increased mortality was dose-dependent; for transgenic silkworms infected with a high viral dose (10 8 OBs per ml), it was 35%, significantly lower compared with the control (100%) at 5 days after infection. Conversely, the mortality for transgenic silkworms was 60% compared with non-transgenic silkworms (100%) at 11 days after infection when the viral dose was 10 6 OBs per ml.
DISCUSSION
BmNPV is a major pathogen for sericulture, and causes great economic loss every year. To date, the resistance of silkworms to BmNPV is horizontal, and traditional breeding methods do little to increase the resistance to BmNPV. Transgenesis and RNAi is a recently developed technology used to inhibit BmNPV multiplication, either by targeting the essential genes of BmNPV 26, 27 or by introducing an endogenous or exogenous antiviral gene into the silkworm genome to suppress BmNPV propagation. 15, 28 In the present study, we constructed a transgenic vector with short dsRNA boxes expressing two essential genes of BmNPV simultaneously. The results appeared to show that cultured cells transfected with the vector were more effective in repressing the proliferation of BmNPV ( Figure 2 ) compared with a single-gene targeted strategy, confirming that the multigene targeting strategy is useful in preventing baculovirus propagation that could have escaped from RNAi by gene mutation. In D. melanogaster and in C. elegans, long dsRNA fragments have the same efficiency as short dsRNA fragments in RNAi, but in mammalian cells, only 21-23 bp dsRNA was functional. 30 During the inhibition of A. californica multiple nucleopolyhedrovirus proliferation, long and short dsRNAs were equally effective in initiating RNAi, that is, the interfering effect was indistinguishable, but the long dsRNA was cleaved into small interfering RNA poorly ) transiently transfected with transgenic vector piggyantiIE-lef1-neo were infected with BmNPV (MOI 0.03). The relative abundance of ie-1 transcript levels was obtained as mentioned in Figure 2 . The most efficient in suppressing virus proliferation was found at 24 h.p.i. and the ie-1 expression levels did not vary much until 120 h.p.i., when it reached 9.71-fold greater compared with control BmN cells as the recovery of BmNPV replication leading to the lysis of the infected cells. (d) The effect of G418 in a pressure filter on the neomycin resistance gene. Stable transformed cells transfected with plasmid piggyantiIE-lef1-neo were screened by G418 over 3 months, and then G418 was removed for another 3 months of growth. The cell line was designated as -G418; stable transformed cells containing plasmid piggyantiIE-lef1-neo were screened continuously by G418, the cell line was designated as þ G418. The 1 Â 10 5 þ G418 and 1 Â 10 5 -G418 cell lines were infected with BmNPV MOI 3 and 0.3 for 48 h, respectively. Thereafter, total RNA was extracted and cDNA was synthesized to estimate the relative expression level of the ie-1 gene. (e) The inhibitory effect depends on the load of transgenic vector used. BmN cells (1 Â 10 5 ) transiently transfected with piggyantiIE-lef1-neo plasmid were infected with BmNPV (MOI 3). The amount of plasmid used in transfection is shown in the figure. qPCR analysis was carried out as described for Figure 2 . ***Po0.01.
Silencing 31 Our results showed that the efficacy of short dsRNAs of ie-1 to inhibit BmNPV multiplication in the transiently transfected cells was better compared with the long dsRNAs of ie-1. This might be ascribed to the core small interfering RNA pathway in RNAi machinery. Swevers et al. 32 reported that the Bm5 cell line was characterized by the absence of expression of R2D2, an auxiliary factor that is essential for Dicer-2 function in small interfering RNA-mediated RNAi in Drosophila S2 cells. 33 The relative level of ie-1 transcript was found unexpectedly to provide an estimate of the resistance of transfected cells to BmNPV infection; the relative level of the lef-1 transcript was less pronounced compared with the ie-1 transcript level (data not shown). The difference found between the reduction of the ie-1 and lef-1 transcript levels could be attributed to the fact that the lef-1 transcript initiation by the ie-1 product is temporal, that is, the lef-1 transcript level is influenced by IE-1 directly or indirectly. 10, 11 We tested the efficacy of G418 on stable transformed cells expressing dsRNA of both ie-1 and lef-1. We found that stable transformed cells screened continuously by G418 were undistinguishable from transformed cells screened by G418 over 3 months and then G418 was removed for another 3 months, indicating that the transgenic vector carrying the short dsRNA boxes of ie-1 and lef-1 had been integrated into the genome of BmN cell and can be inherited stably.
During BmNPV infection, the piggyantiIE-lef1-neo transiently transfected cells exhibited higher resistance to BmNPV at 24 h (Figure 3c ). During the following days, the relative level of ie-1 expression did not vary until 120 h (Figure 3c in the BmN cell line. Figure 3a indicates that transiently transfected cells have a greater ability to suppress the multiplication of BmNPV sixfold greater than stable transformed cells. This could be interpreted to show that the dsRNA expression level in stable transformed cells was lower than that in transiently transfected cells.
We found that transgenic silkworms with BmNPV infection lived longer than normal female moths; they were still alive 11 days after infection when inoculated with BmNPV at a low viral dose (10 6 OBs per ml) and the mortality of transgenic silkworms was 40% lower compared with the non-transgenic line. Isobe et al. 26 found that multiplication of BmNPV was inhibited in the transgenic silkworm expressing long lef-1 dsRNA but no difference of mortality between transgenic and control silkworm larvae was observed. All silkworms in both transgenic and control groups died within 8 days when they were inoculated with BmNPV. 26 The reason for the difference could be attributed to the advantage of our double-gene targeting strategy. Virus is another factor in the RNAi machinery; in the present study, the transgenic and control animals all died within 6 days after infection with BmNPV (10 8 OBs per ml). By contrast, B40% of transgenic silkworms survived to 11 days after infection per os with 10 6 OBs per ml, but all non-transgenic animals died. In addition, following overexpression of an endogenous antiviral gene in silkworms, 83% of larvae survived in the subsequent stages compared with a survival rate of 50% in the control when they were infected with a virus dose of 10 6 OBs per ml. 15 In addition, overexpression of an exogenous antiviral gene in silkworms succeeded in inhibiting BmNPV proliferation. The mortality of transgenic larvae was B30% lower compared with the control group when inoculated with BmNPV at a virus dose of 10 5 OBs per ml. 28 More recently, however, we explored the multigene targeting strategy to inhibit BmNPV proliferation. The mortality of the transgenic line carrying four long dsRNA fragments of BmNPV essential genes was about fourfold lower compared with the control line when inoculated with BmNPV at a virus dose of 6000 OBs per larva. 29 In conclusion, we have explored a strategy using two essential BmNPV genes as RNAi targets, which is more useful than targeting a single BmNPV gene in RNAi-mediated baculoviral resistance. Our transgenic silkworm lines exhibited a powerful resistance to BmNPV at a low virus dose. All these results show that transgenic RNAi technology can be applied in the sericulture industry to increase silkworm larvae resistance to BmNPV and to supply an effective strategy for disease control in insects. In the future, transferring an endogenous or exogenous antiviral gene to BmNPV together with targeting essential BmNPV genes using transgenic RNAi will be a more effective strategy to inhibit BmNPV multiplication than using them individually.
MATERIALS AND METHODS
Cell lines, silkworms, plasmids and virus stock
BmN cells were cultured in TC-100 (Gibco-BRL, Grand Island, NY, USA) supplemented with 10% (v v À 1 ) fetal bovine serum (Gibco-BRL) at 26 1C. The diapausing R6 strain of B. mori was used for sperm-mediated transgenesis. The hatched larvae were first reared on mulberry (Morus alba Linn) leaves coated with 15 mg ml À 1 G418 (BBI, Unionville, ON, Canada) for 24 h, and then reared on fresh mulberry leaves until molting. Plasmids pIE 34 containing the ie-1 promoter and pIE-neo 34 containing the neomycin resistance gene (neo) controlled by the ie-1 promoter were kept in our laboratory. The wild-type BmNPV was propagated in fifth instar larvae and maintained as free viruses.
RNAi expression plasmids
To test RNAi-mediated inhibition of BmNPV proliferation in cultured cells and in transgenic silkworms by targeting ie-1 and lef-1genes, four piggyBac-based transgenic vectors containing ldsie-1, sdsie-1, sdslef-1 and both sds-ie1-lef1 expression cassettes were constructed. The construction of transgenic vectors is shown in Figure 1 . The vectors were finally confirmed by sequencing.
To construct pigA3lef1-neo, the A3-dslef-PA fragment containing 195 bp of the cytoplasmic A3 promoter (GenBank accession no.: AF422795), 21 bp of the lef-1gene fragment in flip-flop orientation: 5 0 -GCACCGTACAGCTATAA TTATTCAAGAGATAATTATAGCTGTACGGTGCttttt-3 0 , where italics indicate the partial sense sequence of the lef-1 gene and underlining indicates the partial antisense sequence of the lef-1 gene, and the 206 bp fibroin-L-chain gene poly(A) signal sequence (GenBank accession no.: EF216676) was synthesized, and then subcloned into the XhoI site of the vector pigA3GFP, 35 the new plasmid was designated piggyantilef1. IE-neo, a neo gene driven by the ie-1 promoter (GenBank accession no.: AY616665) excised from plasmid pIE-neo with EcoRI, was subcloned into piggyantilef1 to obtain plasmid pigA3lef1-neo (Figure 1a) .
To construct piggyantiIE-neo, IE-dsie-1-PA (a fragment containing 631 bp of the BmNPV ie-1 promoter; GenBank accession no.: AY616665), 21 bp of the ie-1 gene fragment in the flip-flop orientation: GAGCACTACATTGCACAA TAATCAAGAG TTATTGTGCAATGTAGTGCTCttttt, where italics indicate the partial sense sequence of the ie-1 gene and underlining indicates the partial antisense of the ie-1 gene, and the 206 bp fibroin-L-chain gene poly(A) signal sequence (GenBank accession no.: EF216676) was synthesized, and then subcloned into the EcoRI and SmaI sites of vector pigA3GFP, the new plasmid was designated piggyantiIE. IE-neo, a neo gene driven by the BmNPV ie-1 promoter (GenBank accession no.: AY616665) excised from plasmid pIE-neo with EcoRI, was subcloned into piggyantilef1 to obtain plasmid piggyantiIE-neo (Figure 1b) .
To construct pigA3IE-neo, a 1078 bp fragment containing the BmNPV ie-1 promoter followed by its downstream sequence (446 bp) amplified from BmNPV genomic DNA (GenBank accession no.: L33180) by PCR using primers: IE1, 5 0 -TTCGAATTC GATTTGCAGTTCGGGAC-3 0 and IE3, 5 0 -ATCCCGGGACCACACTTTGTGAATC-3 0 , where underlining indicates that the restriction sites of EcoRI and SmaI, respectively, was cloned into pBluescript SK II( þ ) (pSK) (Stratagene Corp., La Jolla, CA, USA) to obtain the recombinant plasmid pSKIE13. A 428 bp fragment containing the partial open reading frame of the ie-1 gene ( þ 19-þ 446) amplified from BmNPV genomic DNA by PCR using primers: IE2, 5 0 -TTCGGATCCAACGCG TCGTACACCAG-3 0 and IE4, 5 0 -ACGATATCACCACACTTTGTGAAT-3 0 , where underlining indicates the restriction sites of BamHI and EcoRV, respectively, was ligated with pSKIE13, digested with BamHI and SmaI after digestion with BamHI and EcoRV to generate long ie-1 dsRNA-expressing recombinant plasmid pSKIE13-IE24. The ie-1 dsRNA expression box containing the ie-1 promoter was excised from pSKIE13-IE24 with BamHI and EcoRI and then inserted into pigA3GFP to construct plasmid pigA3-IE. Finally, the Figure 5 . Mortality after infection per os with BmNPV using newly exuviated fourth instar larvae. Transgenic silkworm larvae transformed with plasmid piggyantiIE-lef1-neo and the control R6 strain were infected with various degrees of virus titer. The virus dose was added into the artificial diet and the transgenic and control line that ate the artificial diet continuously for 12 h were selected for subsequent rearing, during which the artificial diet was changed daily and mortality was registered daily. PID, postinfection day. When the virus dose was 10 8 OBs per ml, the mortality of the transgenic line decreased significantly to 35% compared with the control (100%) at PID 5. When the virus dose was 10 7 OBs per ml, the mortality of the transgenic line was little reduced compared with the control. When the virus dose was 10 6 OBs per ml, the mortality of the transgenic line was decreased to 45-60% compared with the control (90% at PID 8 and 100% at PID 11). The mortality rates for transgenic and control are the average of triplicate infections with 20 silkworm larvae each time.
Silencing ie-1 and lef-1 genes in transgenic cells and transgenic silkworm P Zhang et al IE-neo fragment excised from plasmid pIE-neo with EcoRI was subcloned into pigA3-IE to obtain the resultant plasmid pigA3IE-neo containing a long ie-1 dsRNA expression box (Figure 1c ). To construct piggyantiIE-lef1-neo, the A3-dslef1-PA fragment excised from piggyantilef1 with BglII and XhoI was subcloned into piggyantiIE to obtain the intermediary vector piggyantiIE-lef1. The IE-neo fragment excised from plasmid pIE-neo with EcoRI was subcloned into piggyantiIElef1 to obtain plasmid piggyantiIE-lef1-neo containing both the short ie-1 dsRNA and short lef-1 dsRNA expression box (Figure 1d Effect of antimicrobial selection pressure on the resistance of stable transformed cells to BmNPV
The exogenous genes may be lost in transformants without antimicrobial selection pressure, which may result in the change of the resistance of transformed cells to BmNPV. To assess the genetic stability of the transformed cells with piggyantiIE-lef1-neo after removal of selection pressure, the transformants were cultured with G418 over 3 months, and then G418 was removed and the cells were cultured for another 3 months before infection with BmNPV (MOI 3 or 0.3) . Meanwhile, the stable transformed cells cultured continuously with TC-100 containing 750 mg ml À 1 G418 were assayed, and BmN cells were used as the control. At 48 h.p.i., total RNA was purified from the infected cells, and qCPR was used to estimate the relative abundance of the ie-1 transcript as described above. The experiment was carried out in quintuplicate.
Germline transgenesis of B. mori using piggyBac-based RNAi vector Transgenesis using sperm-mediated gene transfer was carried out as described. 36 The piggyantiIE-lef1-neo at a concentration of 1 mg ml À 1 was mixed with helper plasmid pigA3 34 at a molar ratio of 1:1 and injected into the copulatory pouch of 10 mated female moths (bivoltine diapause strain R6). After spawning for 22 h, the embryos were immersed in HCl at a density of 1.075 g ml À 1 at 46.1 1C and then incubated at 25 1C with 85-90% relative humidity until hatching (B10 days). Newly hatched G0 larvae were reared on mulberry leaves coated with 15 mg ml À 1 G418 for 24 h, and then fed with fresh mulberry leaves until the remaining larvae molted. The surviving silkworms were observed under a stereomicroscope (Olympus SZX12) at different stages of the life cycle, and fluorescent individuals were selected and fed on fresh mulberry leaves.
Identification of transgenic silkworms
Two G0 male moths with fluorescence from GFP were mated with normal female moths to establish the parental transgenic silkworm line. The genomic DNAs of the mated male moths were used for molecular identification of gfp and neo by PCR with specific primer pairs: DEGFP-1 (5 0 -TGGAATTCATGGTGAGCAAGGGCGAGG-3 0 ) and DEGFP-2 (5 0 -TTGGATCCT TACTTGTACAGCTCGTCCATG-3 0 ) and NEO-1 (5 0 -AGCTCGAGAATTCTAGCTAG AGGTCGAC-3 0 ) and NEO-3 (5 0 -CTGATATCATGATTGAACAAGATGG-3 0 . The genomic DNAs of G3 and G4 moths were used for dot blotting for further identification using a digoxigenin DNA labeling and detection kit (Roche Diagnostics) with a digoxigenin-labeled gfp probe. In all the identification experiments, genomic DNA of normal silkworms and plasmid pigA3GFP were used as the negative and positive control, respectively. G0 male moths with fluorescence were mated with normal female moths to generate a G1 generation. The G2 generation was generated using mutual crossing between fluorescent moths of generation G1, and G3, G4, G5 and G6 generations were obtained in the same way.
Viral inoculation and mortality in transgenic silkworms
Transgenic silkworm larvae on the first day of the fourth instar were reared on an artificial diet coated with different doses of BmNPV polyhedra (10 8 , 10 7 and 10 6 OBs per ml) for 12 h at 25 1C, and then transferred to fresh artificial diet. The non-transgenic silkworms R6 were used as the control. The diet was changed daily and mortality was analyzed statistically each day at 5-11 days after inoculation.
Statistical analysis
All statistical analyses were performed with the GraphPad Prism (San Diego, CA, USA) software package version 4.0 using T-tests. *Po0.05; **Po0.01 and ***Po0.0001.
